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This essay reports on the investigation of the mobilization of a particle initially 
deposited on a flat plate by a moving liquid-liquid interface. The topic is worth 
investigation for that the transport of colloidal particles in porous media and moving 
behaviors when driven by liquid-liquid interface can affect a broad range of industrial 
process, which are closely related to environment protection and nature resources 
recovery. Our experimental approach is motivated by results of recent molecular 
dynamics simulations showing different dynamic regimes during the detachment of a 
deposited nanoparticle by a moving interface. The main objective of this work is to 
perform experiments that mimic most of the conditions in the simulations and 
determine if similar dynamic regimes are observed. A second objective is to investigate 
the role of surface roughness on the remobilization of deposited particles by a moving 
fluid interface. 
To achieve our objectives, we characterized different particles’ motion as a 
function of the volumetric flow rate. The particles investigated are polymerized 
ethoxylated trimethylolpropane triacrylate (ETPTA) droplets of either 150μm or 400μm 
diameter. We control the roughness of the particles by coating different sized silica 
nanoparticles (150nm, 400nm, 520nm, 700nm) to the particle surface. For the 
mobilization experiments, particles are placed in glass tube, the oil phase is silicone oil 
and the aqueous phase is a mixture of water, dimethyl sulfoxide (DMSO) and sodium 




different particles show different movement characteristics. We observe that particles 
tend to stay on the surface at low flow rates and start moving when the flow rate 
increases, followed by detachment at the highest flow rates. At intermediate flow rates, 
we observe a dynamic regime where the liquid-liquid interface first drags the particle 
along and then re-deposit the particle further down the microchannel. This regime was 
not observed in the molecular dynamics simulations. We attempt to obtain a qualitative 
understanding of the role of the flow rates on particle detachment by performing a force 
balance on the deposited particle. The force balance suggests that the most important 
factor on the particle remobilization is the contact angle dependence of the volumetric 
flow rate. 
To have better silica-coated ETPTA particles, the ETPTA’s surface property and 
wettability were studied and during which, an abnormal surface tension increase in 
water and color change were observed. A brief introduction and explanation of the 
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1.1. Significance and objective 
 
Figure 1. A brief schematic of an ETPTA particle deposited on a plate together with a 
high-wettability liquid and a low-wettability liquid phase. The arrow stands for fluid 
direction. 
The transport of colloidal particles in porous media can affect a broad range of industrial 
processes, including particles transport through membrane, water treatment, 
permeability fluctuation in sandstone reservoirs by fluid injection1,2. Understanding the 
mobilization of a particle that is initially deposited on a fixed plate is of great 
importance for assessment of colloids’ concentration and contaminants’ transport in 
mobile colloids3. Static models have been established and progress has been made in 
understanding the colloid transport in saturated systems4, but predicting the dynamic 
behavior of deposited particles remains challenging. Recently, dynamic effects in the 
mobilization of adsorbed nanoparticles were studied and modifications were applied to 
existing models5. The remobilization of deposited colloidal particles by dynamic liquid-
liquid interfaces and moving (three-phase) contact line plays a key role in various fields 




Experimental works were introduced that provide qualitative descriptions of the particle 
behavior8, however, only a small number have investigated the how particles are moved 
by the moving fluid-fluid interface in modeled porous media9,10 and most of these 
experiments were performed at a mesoscopic level (i.e., pore-level) and, as a result, 
particle’s remobilization physics is still poorly understood. In recent work molecular 
dynamics (MD) simulations was employed to investigate the dynamic effects of a 
deposited particle. The results show rich dynamic regimes between having the particle 
remaining deposited and being completely remobilized by the moving interface.5 The 
objective of this work is to determine if similar dynamic regimes can be observed 
experimentally. The significance of the work lies in obtaining experimental 
observations for particle’s behavior under similar circumstance and highlight dynamic 
regimes for the remobilization of individual particles to correspond with results from 
MD simulations. A second objective is to investigate how surface roughness affects the 
particle remobilization. Surface roughness is controlled by coating different sized silica 
based nanoparticles synthesized through Stöber Method11 to the ETPTA surface as is 
shown in Figure 2.  
The experiments are performed using a home-built capillary device to create 
ETPTA droplets and to coat the droplets with silica nanoparticles. Drop sizes were 
controlled so that we get monodispersed ETPTA particles with diameter ranging from 
150μm to 400μm. By carrying the same experiments with these different particles, we 
can imitate particle behaviors in real industrial application. To interpret our 




passage of a fluid interface. The results from the force balance are in qualitative 
agreement with the experimental results. 
 
Figure 2. Schematic of the particles investigated, including 150μm and 400μm pure 
ETPTA particles and 150μm particle with two different sized silica coating. 
To create reproducible and stable ETPTA droplets and solution we had to find 
condition where the interfacial tension of the ETPTA interface was stable and 
reproducible. Therefore, the final objective of this work was to investigate how ETPTA 
droplet’s surface tension change over time and what caused the turbidity in pure ETPTA 
drops. During the investigation, an increase of ETPTA’s surface tension in water is 
observed, together with a color change of the droplet as shown in Figure 3 and Figure 4. 
The coating of silica nanoparticles on ETPTA drops in water strongly depends on 
surface properties of the particle and liquid interface, especially the wetting property. 
Also particle’s color and transparency strongly affects the observation during the 
experiment. Through investigating these properties, a suitable aqueous phase’s 
components can be proposed during the fabrication and thus can guarantee the particles 





Figure 3. Surface tension change of a ETPTA droplet in water in 12 hours. 
 
Figure 4. EPTPA droplet’s color change after 12 hours. a and c are initial droplet on 
the screen and b, d are droplets after 12 hours 
1.2. Background 
In previous work, MD simulations were preformed using the open-source package 
LAMMPS12. Through the MD simulation, a system contains two immiscible liquids 
confined between two parallel plates and a particle deposited on one of the flat walls 




As is shown in the Figure 1 we define an advancing interface, corresponding to the 
high-wettability liquid displacing the low-wettability one and a receding interface 
where the low-wettability liquid displacing the high-wettability one according to the 
flow direction. 
By combining the MD simulation with the driving force imposed on the particle, 
different particle motion behaviors were observed5. For small driving force applied, 
interfacial pinning was observed when neither lifting, nor sliding conditions are 
satisfied, the particle remains attached, or pinned, to the substrate13. At larger driving 
forces, we see that the liquid-liquid interface induces the sliding of the particle along 
the wall of the tube, this indicates the stick-slip motion. During the stick-slip motion, 
the particle remains at the liquid-liquid interface and resulted in a pinning-sliding 
motion of the interface itself14,15. The last one is rolling-induced detachment. For large 
driving forces, some cases of particle jumping were observed when driven by the 
receding interface. It is important to recognize that mobilization by sliding or rolling 
may not necessarily lead to colloid separation from the substrate, which corresponds to 
the different models16.  
These results documented the role dynamic effect played in the mobilization of 
absorbed nanoparticles when driven by liquid-liquid interface but lack experimental 
provement. Existing experiment results also failed to fully agree with theoretical 
predictions. Particle with different wettability and roughness were not included in 
previous studies. Which will be talked about in this article. 




particle applied in the experiments. It’s a trifunctional monomer widely used in 
industrial manufacture for its low volatility and fast cure response. It has the property 
of resistance against weather, chemical, water and abrasion. It mainly shows the 
properties of acrylic group and follows free radical polymerization process17. Photo 






2.1. Force balance on a deposited particle 
2.1.1. Attraction force 
 
Figure 5. A schematic of the force analysis on a spherical particle attached to a wall. 
The interface is in contact with the wall with a contact angle 𝜃 at with the particle at 
contact angle 𝜃𝑝. The view corresponds to a cross-section of the system. Red dashed 
lines denote the interface equilibrium positions. 
Figure 5 is a brief schematic of forces acting on a particle deposited on a glass 
plate. The particle is affected by forces as follows. Vertically the adhesion force (𝐹𝐴), 
gravity force (𝐹𝑔) and the support by the plate. The particle is also driven by the flow 
and there is a driving force caused by the flow (𝐹𝐷), which will be resisted by the friction 
force of the system (𝐹𝑓). As the fluid interface passes by both a surface tension force 
(𝐹𝛾) and a force associated by the capillary (Laplace) pressure (𝐹𝑃𝑐) act on the particle. 




caused by the combined effect of van der Waals and double layer force18-21. We estimate 
these forces using the Derjaguin–Landau–Verwey–Overbeek theory (DLVO) 
theory22.To make this problem tractable we make a series of assumptions (discussed 
below) to simplify the description of the interaction between the particle and the surface. 
We follow closely the approach from Israelachvili’s Intermolecular and surface 
forces21. We assume additivity of the interaction energy between a molecule and planar 
surface made up of like molecules21,23. Therefore, the net van der Waals interaction 
energy for a molecule at distance D from a flat plate can be expressed as, 











           (2) 
where 𝜔(𝐷) is the interaction energy between the molecule and the surface, 𝜌1 
is the number density of the surface, 𝑧 is the axis perpendicular with the surface and 
passes across the molecule and x is the axis perpendicular with z axis. As a result, for a 
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where 𝜌2 is the number density of the sphere. According to Derjaguin approximation, 




       ,                   (4) 
where A stands for the Hamaker constant, given as21,24 
 𝐴 = 𝜋2𝐶𝜌1𝜌2    .                     (4) 







                        (5) 




results in the development of a wall surface potential which will cause a 
rearrangement of ions in the surrounding solution. This force should be repulsive for 
two similarly charged objects and decrease rapidly at larger distance. But as for 
unequally charged objects at short distance the interactions can also be attractive. The 
region near the surface of enhanced counterion concentration is called the electrical 
double layer (EDL). The EDL can be approximated by a sub-division into two 
regions. Ions in the region closest to the charged wall surface are strongly bound to 
the surface. This immobile layer is called the Stern or Helmholtz layer. The thickness 






𝑖     ,                    (6) 
with unit of m−1 ,where 𝜌∞𝑖 is the number density of ion i in bulk, z is the valency of 
the ion, 𝜀𝑟 is the relative static permittivity and 𝜀0 is the vacuum permittivity, 𝑘𝐵 
is the Boltzmann constant. Thus the repulsive free energy between can be expressed 
as: 
𝑊 = 𝑅𝑍𝑒−𝑘𝐷       ,                  (7) 
where Z here is defined by: 
𝑍 = 64πε0𝜀(𝑘𝐵 𝑒⁄ )
2𝑡𝑎𝑛ℎ2(𝑧𝑒𝜓0 4𝑘𝐵𝑇⁄ ). J m
−1 or N        (8) 




= 𝑘𝑅𝑍𝑒−𝑘𝐷      ,                (9) 
Where 𝜓0 is the surface potential. By combining the van der Waals interaction 
energy and the double layer interaction energy, the interaction between two particles or 




𝑊(𝐷) = 𝑊(𝐷)𝐴 + 𝑊(𝐷)𝑅  ,                 (10) 
where 𝑊(𝐷)𝐴 is the attractive interaction energy from van der Waals interaction 
and 𝑊(𝐷)𝑅 is due to repulsive interaction energy. 
2.1.2. Surface tension force 
When the liquid-liquid interface moves past the particle due to the flow of the 
liquid, the three-phase contact line moves along the particle surface, leading to a surface 
tension force 𝐹𝛾 . In addition, the presence of a liquid-liquid interface leads to a 
capillary pressure force, 𝐹𝑃𝑐, which originates from the Laplace pressure difference 
between the two liquids due to the (net) curvature of the liquid-liquid interface5. As for 
the surface tension force, 𝜃𝑝 is the dynamic contact angle on the particle surface, 𝜑 
is the angle that determine the position of the contact line, which is also called the filling 
angle25. The filling angle goes from 0° to 180° when the receding interface moves past 
the particle and from 180° to 0° for an advancing interface. Sometimes the 
supplementary angle 𝜋 − 𝜑 is also used as the filling angle. The red dashed line in 
Figure 5 stands for the position where equilibrium is reached and 𝐹𝛾=0 (φ=𝜃𝑝) and a 
flat surface is reached5. The surface tension for a flat interface is described as 13: 
𝐹𝛾 = 2𝜋𝑟𝛾𝑠𝑖𝑛𝜑sin (𝜃𝑝 − 𝜑)                  (11) 
Since the surface tension force will assume two magnitude maxima, 𝐹𝛾 reaches 
its maximum value twice for both 𝜑 = 𝜃𝑝/2 (φ < 𝜃𝑝) and 𝜑 = (𝜃𝑝 + 𝜋)/2 (φ >
𝜃𝑝). How surface tension affects the particle also depends on the dynamic contact angle 




horizontal and vertical component of maximum surface tension can be expressed as: 
𝐹𝑜𝑟 𝜑 < 𝜃𝑝: 
𝐹𝛾
𝑦
= 2𝜋𝑟𝛾𝑠𝑖𝑛2(𝜃𝑝 2⁄ )𝑠𝑖𝑛𝜃                    (12) 
𝐹𝛾
𝑧 = 2𝜋𝑟𝛾𝑠𝑖𝑛2(𝜃𝑝 2⁄ )𝑐𝑜𝑠𝜃                    (13) 
𝐹𝑜𝑟 𝜑 > 𝜃𝑝: 
𝐹𝛾
𝑦
= −2𝜋𝑟𝛾𝑠𝑖𝑛2(𝜃𝑝 2⁄ + 𝜋)𝑠𝑖𝑛𝜃                  (14) 
𝐹𝛾
𝑧 = −2𝜋𝑟𝛾𝑠𝑖𝑛2(𝜃𝑝 2⁄ + 𝜋)𝑐𝑜𝑠𝜃                  (15) 
The particle will experience the maximum surface tension twice in different 
directions as the liquid-liquid interface passes by the particle, and this process is 
reversed for receding interface and advancing interface. Also 𝜃𝑝  will affect the 
direction of the surface tension force. 
We consider here a channel with height H, the curvature away from the particle 
can be estimated as : 
𝑟𝑐 = 𝐻/(2𝑐𝑜𝑠𝜃)  .                      (16) 
As a result, the capillary pressure force can be estimated as : 
𝐹𝑝𝑐 = 𝜋𝑅
2𝑠𝑖𝑛2𝜑∆𝑝 = 𝜋𝑅2𝑠𝑖𝑛2𝜑𝛾2𝑐𝑜𝑠𝜃/𝐻 ,           (17) 
where the Laplace equation: 
 ∆𝑝 = 𝛾/𝑟𝑐      ,                    (18) 
is applied to equation (17). 
2.1.3. Additional forces 




and the friction force that resists sliding. For a sphere initially deposited on a flat plate 
in an imposed shear flow the driving force can be calculated as26 27: 
𝐹𝐷 = 1.701(6𝜋𝜇𝐺𝑟
2)  ,                      (19) 
where μ is the fluid viscosity, r is the radius of the sphere and G is the shear rate. 
Normally fluid velocity parallel to the plate at distance z is considered as   
𝑣𝑦 = 𝐺𝑧                             (20) 
The interactions between the particle and the plate also include the gravity:  
𝐹𝑔 = (𝜌1 − 𝜌2)𝑔𝑉        ,                 (21) 
where 𝐹𝑔 is the gravitational force, 𝑔 is the gravitational acceleration, 𝜌1 and 
𝜌2 are density of the liquid phase and the particle respectively, and 𝑉 is the particle 
volume. During the moving of the interface, the particle is gradually immersed in two 
different liquid phases and there is a density difference between the two phases. 
However, this can be considered negligible since it’s several orders of magnitude less 
than 𝐹𝐴 especially when the aqueous phase’s density is maintained similar to particle’ 
density. 
2.2. Silica nanoparticle synthesis  
The silica nanoparticles we use are synthesized through Stöber method11. Since 
its first proposed, modifications have been adapted to traditional Stöber method to 
synthesize particles from less than 100nm to few microns28,29 in diameter. Typically, 
there is a one-step Stöber method and a modified two-step method30 to target different 




alkoxide, usually tetraethylorthosilicate (TEOS) is hydrolyzed in alcohol in the 
presence of a basic catalyst, mainly ammonia31,32following: 
Si(OEt)4 + H2O → Si(OEt)3OH + EtOH               (22) 
Si(OEt)4 + 2H2O → Si(OEt)3(OH)2 + 2EtOH    .         (23) 
The reaction produces ethanol and a mixture of ethoxysilanols, which will 
condense with either TEOS or other silanol with loss of alcohol or water. The additional 
reactions are: 
2Si(OEt)3OH → (EtO)3 − O − Si(OEt)3 + H2O         ,   (24) 
Si(OEt)3OH + Si(OEt)4 → (EtO)3 − O − Si(OEt)3 + EtOH   ,   (25) 
Si(OEt)3OH + Si(OEt)3(OH)2 → (EtO)3 − O − Si(OEt)3 + H2O  .   (26) 
Further hydrolysis of the ethoxy groups and subsequent condensation leads to 
crosslinking. It is a one-step process as the hydrolysis and condensation reactions occur 
simultaneously in a single reaction vessel. 
2.3. ETPTA droplets coated with silica nanoparticles 
To vary the surface roughness of the deposited particles, silica nanoparticles were 
coated on ETPTA droplets’ surface and then polymerized to obtain a solid particle. To 
have those particles form a homogeneous monolayer on the droplet surface, we utilized 
properties of Pickering emulsion. A Pickering emulsion is an emulsion that is stabilized 
by solid particles (for example colloidal silica) which adsorb onto the interface between 
the two phases33. If the contact angle of the interface on the particle is approximately 




bind better to the droplet surface. 
The stabilization energy is given by: 
∆𝐸 = 𝜋𝑟2𝛾𝑂𝑊(1 − |𝑐𝑜𝑠𝜃𝑂𝑊|)
2 ,                 (27) 
where 𝑟 is the particle radius, 𝛾𝑂𝑊 is the interfacial tension and 𝜃𝑂𝑊 is the 
contact angle at the interface. 
2.4. Formation of water droplets in oil phase 
Color change in oil that is in contact with water resulted from nucleation has been 
reported before34. Ouzo effect was reported to cause the effect but it is not sufficient for 
all cases35. Yang’s group observed spontaneous formation of water drops on 
octadecyltrichlorosilane (OTS)-treated glass34. In their experiments, droplets grew to 
30-40μm in diameter in 10 days and tended to disappear with further incubation. After 
that new droplets were observed to form and grow again to reach similar dimensions. 
Similar observations were reported within liquid phase but not only liquid impregnated 
surfaces36. The authors considered the presence of a nucleation energy barrier related 
to the wettability between the liquids and also the solid surface. By adding salt (NaCl) 
the nucleation velocity and drop size changed and no water drop formation was 
observed at high salt concentration. Two factor were considered key to the nucleation 
to occur on solid surface: the charge density of the solid substrate needs to be high and 
macroscopic contact angles of the water droplets on the surface need to be sufficiently 
large to cause dewetting of water under the oil35. Regimes for nucleation in bulk liquid 





3.1. Materials, chemicals, equipment and instruments 
Table 1. Materials, chemicals, equipment and instruments applied in the experiments 
Chemicals and materials Distributor 
Ethanol alcohol Fisher Chemical (PA) 
Ammonia solution Fisher Chemical (PA) 
Deionized (DI) water In-house Milli-Q Academic water purification 
system 
Isopropanol OmniSolv® from VWR International, LLC.  
Toluene OmniSolv® from VWR International, LLC.  
Acetone Fisher Chemical (PA) 
Hydrogen peroxide Fisher Chemical (PA) 
Sulfuric acid (98%) J.T.Baker® from Avantor (PA) 
Trimethylolpropane ethoxylate triacrylate 




glycol) (Synperonic® F 108) 
Sigma-Aldrich (PA) 







Dimethyl sulfoxide (DMSO) Fisher Chemical (PA) 
Polydimethylsiloxane, trimethylsiloxy 
terminated (silicone oil), 2 cSt 
Gelest (PA) 
Rhodamine B Sigma-Aldrich (PA) 
Tetraethyl orthosilicate (TEOS) Sigma-Aldrich 
Sodium thiosulfate Fisher Chemical (PA) 
Sodium chloride Fisher Chemical (PA) 
Equipment and instruments Brand 
BD Intramedic™ PE Tubing (0.034in ID) Fisher Scientific (MA) 
Extreme-Temperature Teflon® PTFE Semi-
Clear Tubing for Chemicals, 1/32" ID 
Mcmaster-Carr (NJ) 
Needle with Luer Lock Connection (1/2" 
Needle Length, 21 Gauge) 
Mcmaster-Carr (NJ) 
Square-Profile Oil-Resistant Buna-N O-
Rings 
Mcmaster-Carr (NJ) 
Glass cylindrical capillary (0.2mm ID) Vitrocom (NJ) 
Square glass tube (0.4mm ID) Vitrocom (NJ) 
Glass tube (2mm×2mm) Vitrocom (NJ) 
Silastic laboratory tubing (1.6mm ID) Dow Corning (MI) 
Programmable syringe pump PHD2000 Harvard Apparatus (MA) 
Programmable syringe pump Pump 11 Elite Harvard Apparatus (MA) 





Microscope BH2-UMA Olympus (JP) 
UV light UVP UVGL-55 Analytikjena (Germany) 
Stringray F125B camera Allied Vision (Germany) 
B/W camera APPRO (Taiwan) 
75mm×25mm×1mm glass slide  Fisher Scientific (MA) 
22mm×22mm-1 glass cover Fisher Scientific (MA) 
3ml syringe BD (NJ) 
60ml syringe BD (NJ) 
Software  
Zetasizer family software  
TSview7  
Fta32  
Vimba Viewer  
OBS studio  
 
3.2. Synthesis and Characterization of Silica Nanoparticles 
3.2.1. Synthesis process   
The nanoparticle’s target diameter is given by the empirical formula: 
𝑑 = 𝐴 ∙ (𝑐𝐻2𝑂)
2
∙ exp (−𝐵 ∙ (𝑐𝐻2𝑂)
1/2
)    ,           (28) 
𝐴 = (𝑐𝑇𝐸𝑂𝑆)
2 ∙ (82 + 151 ∙ 𝑐𝐴𝑚𝑚𝑜 + 1200 ∙ (𝑐𝐴𝑚𝑚𝑜)
2 − 366 ∙ (𝑐𝐴𝑚𝑚𝑜)




𝐵 = 1.05 + 0.523 ∙ 𝑐𝐴𝑚𝑚𝑜. −0.128 ∙ (𝑐𝐴𝑚𝑚𝑜)
2     ,       (30) 
where 𝑑  is the target diameter, 𝑐𝐻2𝑂  is water concentration, 𝑐𝐴𝑚𝑚𝑜  is the 
ammonia concentration and 𝑐𝑇𝐸𝑂𝑆 is TOES concentration of the mixture. 
During the synthesis process, first we need to clean both the stir rod and glass vial 
using isopropanol alcohol (IPA), then blow with air. We then add desired amount of 
water to the volumetric cylinder using a pipette and then pour water to the glass vial. 
After that ammonia solution was added to the vial (when extracting the ammonia, pump 
up and down multiple times to wet the wall of the pipette, it will prevent ammonia from 
dripping out from the tip). 200 proof ethanol was added to the vial up to desired target 
volume by pouring directly. We then pipette up and down with the glass pipette to mix 
the contents of the continuous phase. We then place the vial on stir plate and stir at ~300 
for around 5 minutes. After we achieve uniform mixing we add TEOS drop by drop 
slowly to the glass vial using 200ml pipette while stirring. Finally, we make sure the 
vial is capped tightly and allow solution to stir and react for 24 hours. 
After the reaction is complete, we need to clean out the excess chemicals in the 
solution. First we need to separate the particle solution into centrifuge tubes. We use 
sedimentation velocity to determine centrifuge speed and time, longer centrifuge time 
and higher speed was applied for smaller particles. We program the tabletop centrifuge 
with the chosen speed and time. After the centrifugation, we remove and dispose of 
supernatant, then re-suspend the nanoparticles in ethanol using vortex and sonicator. 




is difficult to see. Particle solution was concentrated to half of the tubes after every 
other wash, and was finally concentrated to two tubes. 
3.2.2. Characterization and yield of nanoparticles 
We need to know the concentration to keep our reaction conditions the same. First 
weigh a 1.5 mL microcentrifuge tube and record the weight up to 4 decimal places, then 
add 100 μl of particle solution to the tube. We then place the tube inside a 20 ml vial 
and keep the cap open and put the entire container on a stir plate. We set the plate 
temperature to 70°C and leave for a few hours until all the ethanol evaporated. After 
full evaporation, we weigh the tube and dry the particles and subtract from initial weight 
to get the particle weight. The difference (in mg) in mass is the particle weight percent 
(ex. 7.5 mg of dry particles means we have a 7.5 wt.% particle solution). We then label 
the particle solution with the particle material, size, concentration, date and store the 
sample in the refrigerator. 
The particle size was measured by Dynamic Light Scattering (DLS). The particle 
solution was diluted 1000 times in the PMMA cuvette for DLS measurement. Zetasizer 
Nano ZS and associated software were used in the test. For the software settings, the 
settle time was set to 120s, and we input the refractive indices of water and silica. We 
perform three runs to obtain results for which the PDI is less than 0.3. We use this 




3.3. Preparation and characterization of silica-coated ETPTA 
droplets 
3.3.1. Device preparation 
A handcrafted capillary device was utilized for preparing silica-coated ETPTA 
droplets. First we mix 5ml toluene and 10μl APTES in the 20ml glass vial and sonicate 
for 5 minutes. Then we put the 0.4mm ID glass tube in the vial and tilt the vial to let 
the mixture rise to the top by capillary force and keep the vial in the fume hood for 
another 5 minutes with the cap opened. The capillary is washed with acetone and DI 
water after the treatment and is attached to the PE tubing, which will work as the outlet 
tubing of the device and glued to a glass slide. Then we pre-washed 0.2mm ID capillary 
with one end narrowed with fire is inserted to the glass tube and the joint is covered 
with the needle as well as the other end of the capillary. The needles are connected to 
the syringe using the Teflon® PTFE tubing and work as the inlet of the device. Figure 
6 is a sample of the capillary device. 
 




3.3.2. Droplet formation 
We take 1.5ml ETPTA and mix it with the proper amount of particle solution (or 
only ETPTA for pure ETPTA droplets’ preparation), we then keep the vial in a vacuum 
oven with cap open overnight at 70℃ and evaporate all ethanol to prepare 10wt. % 
particle’s ETPTA solution. We then add 1wt. % photoinitiator to the mixture and wrap 
the vial with aluminum foil. We then prepare 1wt. % F108 block copolymer surfactant 
solution and 1M NaCl solution and equal amount of which are mixed to prepare the 
aqueous phase. We introduce the aqueous phase with a 60ml syringe and introduce the 
ETPTA solution with a 3ml syringe. We connect the 60ml syringe to the inlet at the 
joint and the 3ml one to the needle at the end. ETPTA solution is pumped into the 
capillary at a flowrate of 5μl/min. Then water is pumped into the glass tube at 200μl/min 
volumetric flowrate to prepare 400μm diameter droplet and 1000μl/min for 150μm 
droplets. Figure 7 gives a graphical representation of the process. Observe the 
capillaries’ narrowed end with 10× microscope. We collect the droplets in a 20ml vial. 
The emulsion droplets were photopolymerized by exposure to UV light for 30 seconds, 
then we let them rest one-hour in the dark, followed by a with water until no froth is 
observed. Finally, we mark the vial with name and date and store properly. 
 
Figure 7. (a) Illustration of the formation of Pickering emulsion in a capillary device. 




water interface when in contact with water. (b) Illustrations of the multiphase flow in 
the capillary device. 
3.4. Particle motion and contact angle measurement 
3.4.1. Device preparation 
We cut the 2mm×2mm glass tube into 5cm length pieces, then mix the sulfuric 
acid and hydrogen peroxide (volume ratio 3 to 1) in a beaker to prepare piranha solution. 
We keep the tubes in piranha for one hour until no bubbles are observed on tube surface. 
Then take out the tubes carefully and wash them with water. Then we take one large 
ETPTA particle with capillary and transfer it to the tube. In the process we make sure 
the particle is not stuck to the tube’s side walls and not trapped at the edge. After that, 
we attach the silicon tubing to the glass tube and glue the whole thing to the glass slide 
with epoxy. Finally, we connect one end of the device to a syringe and the other end to 
the container. 
3.4.2. Observation of liquid-liquid interface motion past a spherical 
particle 
We take 2.0cSt silicone oil as the oil phase of the system. The aqueous phase is a 
mixture of water, dimethyl sulfoxide and sodium thiosulfate (56.7wt.% water, 36.5wt.% 
DMSO, 6.8wt.% sodium thiosulfate for pure ETPTA particles and 50.7wt.% water, 
32.6wt.% DMSO, 16.7wt.% sodium thiosulfate for silica nanoparticle-coated droplets). 
DMSO is added to match the refractive index with silicone oil and final viscosity is 




the camera to tell the interface’s position, then vibrate to mix well. Then, salt is added 
to the aqueous phase to match the density with ETPTA particles (1.11g ml-1 for pure 
ETPTA particles and 1.21g ml-1 for silica-coated ETPTA particles). The viscosity of 
the aqueous phase is 2.2 cSt to minimize the difference between phases. We position 
the glass tube horizontally in front of a camera to record the motion of the liquid 
interface and that of the particle. The oil phase is pumped into the glass tube initially, 
followed by the aqueous phase. The volumetric flow rates are varied between 1 and 
5000 µl min-1 both for infuse and refill using a syringe pump. 
3.5. ETPTA’s surface tension increase and color change study. 
3.5.1. Experiment on surface tension change 
To find out what affects the ETPTA’s surface tension change in water, several 
assumptions were made, including it’s the material’s natural property, temperature 
effect, or polymerization. To tell if it’s ETPTA’s unique characteristic, it’s surface 
tension in air is measured. To eliminate the temperature effect, a modification to the 
Pendant drop tensiometer is applied, by switching the bulb shelter with one covered 
with insulation tape, as shown in Figure 8. To minimize the influence of polymerization, 
another modification is applied to the system. A UV filter is set and a shelter covered 
with aluminum foil is made to block UV light. The experiment is carried out under total 
darkness. Figure 9 shows the schematic of the new system. All measurement last for 




tension change. Results are also compared to reported values to determine applicable 
value for this study. 
 
Figure 8. Schematic of the modification to the instrument to minimize the influence of 
temperature change of the ETPTA droplet. Temperature is 8℃ lower than before the 
modification. 
 




UV light to the ETPTA droplet. UV filter from Canon® and aluminum foil are used to 
shelter the droplet from polymerization. During the experiment, all lights were turned 
off. 
3.5.2. Experiment on water nucleation in ETPTA 
During the surface tension measurement, ETPTA droplets get turbid while they 
should remain transparent. A device is prepared to observe if the turbidity is caused by 
the nucleation of small water droplets within the oil phase, analogous to observations 
by other researchers34. For these measurements, we use a rubber O-ring on a glass slide 
fixed by epoxy to form a well. We use pipette to place a tiny ETPTA drop on the slide, 
then fill the O-ring with water. We then place the glass cover on the convex liquid 
surface to seal the well. The preparation is shown in Figure 10. We observe the device 
with a microscope to see if there is drop formation. We perform similar additional 
experiments but in a PMMA cuvette to investigate the role of surface charge on the 
nucleation process.36 Finally, we repeat the experiments but with different amount of 
salt (NaCl) added to the aqueous phase to investigate if the presence of salt limits 









4. RESULTS AND DISCUSSION 
4.1. Results and discussion for particle motion tests 
4.1.1. Observations of particle motion   
As is shown in the Figure 11, different particle behaviors have been observed 
during the experiment. To follow the terminology with the one in previous study5, here 
I introduce particle behaviors as follows: Interfacial pinning, Stick-slip motion, Stick-
slip motion with horizontal detachment and Stick-slip motion with vertical detachment. 
Interfacial pinning. Interfacial pinning indicates when the interface passes by the 
deposited particle and the particle remains at its initial position and is not affected by 
the interface. Particles might have minimal displacement when first in contact with the 
interface but will remain static afterwards as if the particle is pinned to the glass tubing. 
Stick-slip motion. For higher flow rate, particles will have stick-slip motion, for 
which particle is driven by the interface. During the stick-slip motion, the deposited 
particle is trapped at the interface when interface moves past the particle and is moved 
by it. However, a pinning-sliding intermittent motion of the particle is observed during 
the axial movement. The particle will not leave the liquid-liquid interface during the 
stick-slip motion 
Stick-slip motion with horizontal detachment. Another particle behavior is 
observed at even higher flowrates. During the process, the deposited particle is moved 
by the interface, in a fashion similar as for the stick-slip motion, but then the particle 




is re-deposited on the solid surface in either liquid phase (aqueous phase while driven 
by a receding interface and oil phase for an advancing interface in our case). The 
particle keeps sliding on the plate and there is no detachment with the plate.  
Stick-slip motion with vertical detachment. The last regime also starts from stick-
slip motion, but is only observed at the highest flow rate. Here, when the interface 
reaches the particle at a very high speed, the particle will not only be moved by the 
interface in a horizontal direction, but will also be lifted by the interface. Stick-slip 
motion with vertical detachment is only observed occasionally at high flow rate region 
(1000 ~ 5000μl/min).  
 
Figure 11. Images for all four particle behaviors observed. (a) stands for interfacial 




slip motion. The particle is affected by the interface and moves with the interface 
alongside the wall. No detachment is observed. (c) is for stick-slip motion with 
horizontal detachment. The particle is affected by the interface and moves with the 
interface for a while, then the interface moves past the particle and the particle re-
deposits on the surface. (d) is a stick-slip motion with vertical detachment. When the 
interface reaches the particle at high velocity, the particle is lifted by the interface and 
jump into the bulk liquid phase. 
The observation results are shown in Figure 12, 13, 14 and 15, where different 
particles are identified by r1/r2, when r1 is the diameter of silica nanoparticle and r2 
is the diameter of the ETPTA particle. 
 
Figure 12. 400μm particles’ behaviors regime when driven by receding interface. 
Circles indicate interface pinning, squares are for stick-slip motion, triangles for stick-
slip motion vertical detachment. Solids symbols mean no horizontal detachment 
observed and open symbols indicate droplet leaves the interface during the movement. 
Two symbols together means both behaviors have been observed. (Note that boundaries 






Figure 13. 400μm particles’ behaviors regime when carried by advancing interface. 
Circles indicate interface pinning, squares are for stick-slip motion, triangles for stick-
slip motion vertical detachment. Solids symbols mean no horizontal detachment 
observed and open symbols indicate droplet leaves the interface during the movement. 
Two symbols together means both behaviors have been observed. (Note that boundaries 
between regions are just for classification but not exact values where change happens) 
 
Figure 14. 150μm particles’ behaviors regime when carried by receding interface. For 




triangles for stick-slip motion vertical detachment. Solids symbols mean no horizontal 
detachment observed and open symbols indicate droplet leaves the interface during the 
movement. Two symbols together means both behaviors have been observed. (Note that 
boundaries between regions are just for classification but not exact values where change 
happens).  
 
Figure 15. 150μm particles carried by the advancing interface. For both figures, circles 
indicate interface pinning, squares are for stick-slip motion, triangles for stick-slip 
motion vertical detachment. Solids symbols mean no horizontal detachment observed 
and open symbols indicate droplet leaves the interface during the movement. Two 
symbols together means both behaviors have been observed. (Note that boundaries 
between regions are just for classification but not exact values where change happens). 
As is shown in Figure12, Figure 13, Figure14 and Figure15, different particle 
behaviors have been marked with different symbols. Also regions where same motion 
type occurs most frequently are indicated with the same color (Note that boundaries 
between regions are just for classification but not exact values where change happens). 
Below we discuss the experimental observations from the dynamic regime maps. 
The first is that for both 150μm and 400μm particles, particles with and without 
silica coating have different motion behaviors. Pure ETPTA droplets have horizontal 




interface but do not have stick-slip motion with horizontal detachment when contacted 
by a receding interface. However, particles that have silica nanoparticles on the surface 
exhibit the opposite pattern while detachment happens when driven by the receding 
interface. But for both kinds of particles, motion behavior will change from interfacial 
pinning to stick-slip motion when flow rate increases when driven by the receding 
interface as well as the advancing interface. For silica-coated particles at receding 
interface and pure ETPTA particles at advancing interface, stick-slip motion will 
change to stick-slip motion with detachment horizontally if the flow rate keeps 
increasing.  
Vertical detachment mainly happens at high flow rate region (1000 ~ 5000 μl/min) 
and no vertical detachment is observed for 400 μm silica-coated particles only pure 
ETPTA particles. Also, as shown in Figure 16, for both 150 μm pure ETPTA particles 
and 150 μm particles coated with 150 nm silica nanoparticles, vertical detachment was 
observed. Similar observations have been recorded for other combinations. Here we 
come to the conclusion that it is easier for vertical detachment to happen when the 
droplet has a smaller diameter and without silica particle coating. Despite vertical 
detachment, different sized particles with the same nanoparticle coating follows similar 







Figure 16.  (a) is four times test for 400μm particles with 150 nm silica coating carried 
by the receding. (b) is 400 μm particles without coating. (c) is four tests of 150 μm 150 
nm silica-coated particles contacted by receding interfaces. Circles indicate interface 
pinning, squares are for stick-slip motion, triangles for stick-slip motion vertical 
detachment. Solids symbols mean no horizontal detachment observed and open 
symbols indicate droplet leaves the interface during the movement. 
4.1.2. Possible explanations for observations 
To give an explanation for the observations, forces applying on the particle should 
be estimated. First to calculate the adhesion force (𝐹𝐴), the Hamaker constant for SiO2 
and ETPTA (ester with acrylic acid) are taken as 10-20 J37,38. According to equation (4), 
the  van der Waals attraction force for 400 μm particles is 0.83x10-5 N and 0.3125x10-
5 N for 150 μm particles. For the aqueous phase which contains sodium thiosulfate, 




Debye length is 0.25 nm for aqueous phase with 6.8 wt.% sodium thiosulfate. Due to 
the high ionic strength, the calculated double layer force is small compared to the van 
der Waals attraction force (~10-9 N) when the deposited particle is immersed in oil and 
keeps increasing when the aqueous phase gradually submerges the particle (~10-6 N). 
In this case we take the van der Waals force as the maximum attraction force 𝐹𝐴 to 
calculate the adhesion force on the particle. 
To estimate the hydrodynamic driving force due to the flowrate, we consider a 
plug flow and constant shear rate, equation (19) and (20) is applied and take z as the 
particle diameter. With these approximations, we obtain that 𝐹𝐷 ranges from 4.2x10
-
14 N to 2.8x10-6 N, but for low rate from 1μl/min to 1000μl/min, 𝐹𝐷  is always 
negligible compared to the y-component of surface tension. 
According to equation (21), gravity of the particle is in ~107 N, which could be 
smaller when the particle is immersed in liquid phase because buoyancy will act on the 
particle and is negligible in our system. 
The contact angle 𝜃𝑝 is measured from the contact angle of a droplet from the 
aqueous phase deposited on a plate that has a same composition with the particle under 
the oil phase and is shown in Figure 17. The contact angle of the plate, 𝜃, is measured 
to be 40° for a receding interface and 97° for an advancing interface. We take friction 
factor as 0.1 for pure ETPTA particles and 0.3 for silica-coated particles and then we 





Figure 17. (a) Contact angle of aqueous phase in oil on pure ETPTA surface. (b) 
Contact angle measure on silica-coated ETPTA surface. Not much difference observed 
for different sized silica particles. 
Then we can get a table for driving force and resistance. 
Table 2. Forces applied on different particles  












 at advancing 
interface (N) 
0.43*10-5 0.16*10-5 1.36*10-5 0.51*10-5 
Resistance at advancing 
interface (N) 
0.77*10-6 0.29*10-6 2.91*10-6 1.1*10-6 
𝐹𝛾
𝑦
 at receding 
interface (N) 
1.54*10-5 0.58*10-5 1.0*10-5 0.375*10-5 
Resistance at receding 
interface (N) 
2.7*10-6 1*10-6 0.6*10-6 22.8*10-6 
It’s obvious from the table that driving force is always larger than the resistance, 
so theoretically, the particle will always be affected by the liquid-liquid interface. Here 
are two assumptions. First, we assume that the contact angle of the interface at the 
particle and at the glass tubing is not constant for different flow rates. The dynamic 
contact angle will change the surface tension force as well as the capillary pressure 
force acting on the particle. So here we plot 𝜃 against 𝜃𝑝 and predict the particle 





Figure 18. Prediction of particle mobilization for pure ETPTA particles based on the 
two surface tension force maxima. (a) for 𝜑 > 𝜃𝑝, (b) for 𝜑 < 𝜃𝑝. Pinning area and 
stick-slip motion boundary is defined by net force horizontally when total driving force 
(𝐹𝛾
𝑦 + 𝐹𝐷) > 0. The lifted area is defined by net vertical force (𝐹𝛾
𝑧 + 𝐹𝐴) < 0. 
This gives a basic view of relationships between the two contact angles. From  
Figure 18 we can tell the interfacial pinning region exists and is predictable for if we 
have the dynamic contact angle varying with the flow rate. The relationship between 
apparent contact angle (𝜃𝑎𝑝𝑝) and “microscopic” contact angle (𝜃𝑚) from microscopic 
properties of the contact line was studied and given by: 39 
𝜃𝑎𝑝𝑝
3 = 𝜃𝑚
3 + 𝐶𝑎𝑙𝑛(0.16𝑅 𝜃𝑎𝑝𝑝𝐿⁄ )   ,           (31) 
R is radius of curvature of the resulting meniscus, L is characteristic length set by 
microscopic effects like slip, a diffuse interface, or long-ranged forces. Ca is capillary 
number of the interface and is defined as:40 
𝐶𝑎 = 𝜇𝑢/𝛾              ,          (32) 





Figure 19. Capillary number of the oil-water interface. 
The contact angle 𝜃  for receding interface and advancing interface in the 
experiment is given in Figure 20. As is shown in Figure 18 and Figure 20, when flow 
rate increases, 𝜃 will increase for receding interface and decrease for an advancing 
interface, which will result in a vertical detachment . 
 
Figure 20. Contact angle measured from higher-wettability fluid side. (a) for a receding 
interface and (b) for an advancing interface. 
The surface tension also depends on 𝜑 when the interface moves past the particle. 
For a fixed particle on the plate, since there is an equilibrium position for the interface 
on the particle surface and two maximum tension positions for 𝜑 < 𝜃𝑝 and 𝜑 > 𝜃𝑝, 
at the moment the interface touches the particle, the surface tension starts from zero to 
one maximum value then decrease to zero again when the interface reaches the 




to zero when the interface leaves the particle. If the particle is not fixed on the plate, at 
a moment the particle will start moving with the interface until the it moves back to the 
equilibrium position or the position where the tension cannot overcome the resistance. 
If we take the interface as the reference, the particle is oscillating at the interface. If we 
keep increasing the flow rate and at a moment the interface moves fast enough so that 
the surface tension will not be enough to overcome the resistance or as we can tell from 
the contact angle that two liquids have different wettability on the particle, there is a 
moment when the high-wettability phase takes over the dominant position, the particle 
will tend to decrease its surface energy and as a result, the particle will roll into the 
high-wettability phase and leave the interface. This can explain why pure ETPTA 
particle will have stick-slip motion with horizontal detachment when driven by the 
advancing interface that silicone oil has a higher wettability on the particle surface 
(silica-coated particles the opposite). 
For higher flow rate when vertical detachment happens, the driving force exerted 
on the particle by the flow is not negligible. Also, formation of drops of low-wettability 
liquid immersed in high-wettability liquid is observed. Torques on the particle will have 
significant effect on particle motion and the local orientation of the liquid-liquid 
interface cannot be assumed solely by the contact angle at the wall. Surface properties 
will have greater influence on particle behaviors since there is a rotation, for the friction 
will switch from sliding friction to rolling friction and it will cause a disturbance around 
the particle. It will require further study to explain the phenomenon.  




there are too many assumptions in this essay. First the DLVO theory for a particle that 
is partially immersed in oil and the rest in water is overly complicated (and likely 
unnecessary considering the high ionic strength). Dynamic contact angle is also hard to 
measuring in situ during the experiments but appears to be determining the dynamic 
regimes. Particles also have complex minute movements when in contact with the 
interface and affected by it. Minor local curvature will also have great influence on 
particle behaviors. A spontaneous absorption of the particle to the liquid-liquid interface 
is also observed as is shown in the figure which is also not interpreted in this work. 
4.2. Interfacial tension tests and nucleation in oil 
4.2.1. Test results and observations 
Interfacial tension for ETPTA in air and water have been tested and great 
difference have been observed. By changing the filter, the influence of UV light and 
heat from the light bulb have been minimized. However, the surface tension remains 
increasing as is shown in Figure 22. To tell if it’s related to droplets color change, 
ETPTA and water are uniformly mixed together and let the system rest for over 14 days 
so that the oil phase is transparent again. We take the water as ETPTA-saturated water 
and ETPTA as water-saturated ETPTA and monitor until the tension reaches an 
equilibrium. Surface tension for water-saturated ETPTA in fresh water and fresh 
ETPTA droplet in ETPTA-saturated water is shown in Figure 23. We can see from 





Figure 21. Interfacial tension of ETPTA in air. 
  
Figure 22. Interfacial tension of ETPTA droplets in water measured by device with 
modification. (a) is with heat shelter and (b) is the one with UV control. 
 
 
Figure 23. Interfacial tension measured for saturated systems. (a) is the tension of 
water-saturated ETPTA measured in fresh DI water. (b) is measured from a fresh 
ETPTA droplet from the bottle measured in ETPTA-saturated water, which is stable 
during the 12h-measurement. 





Figure 24. Microscopic photo of a ETPTA droplet in a O-ring-well device after 2 
minutes. 
 
Figure 25. Microscopic photo of a ETPTA droplet in a O-ring-well device after 2 
minutes. 
The pictures and videos clearly show that water droplets nucleate from the edge to 
the center and from the solid-oil interface to the bulk oil phase. After switching the 
container from glass vial to a PMMA cuvette, the turbidity mainly occurs at the oil-




the cuvette is almost gone while not for the in the glass vial. For those containers with 
salt in the aqueous phase, ETPTA droplets remain transparent for a long time. 
 
Figure 26. Containers for a mixture of ETPTA and water. For each container, ETPTA 
is the bottom phase and water is the upper phase. From left to right: mixture of ETPTA 
and water in PMMA cuvette after 2 hours’ rest; mixture of ETPTA and water in PMMA 
cuvette after 7 days’ rest; mixture of ETPTA and water in glass vial after 2 hours’ rest; 
mixture of ETPTA and water in glass vial after 7 days’ rest. 
 
Figure 27. ETPTA droplets in glass vials with water and 400mM NaCl solution. Both 
liquids are of same amount for different devices. 
4.2.2. Result discussion and possible assumptions 




transparent. However, if it’s related to surface tension change is still not clear. To better 
understand the relations between color change and surface tension change, ETPTA’s 
surface tension in 400mM NaCl water solution is tested. From the result we can tell the 
the tension is still increasing while the color for the oil droplet has no visible variation. 
Also if we take a ETPTA droplet from previous saturated system’s bottom layer and lift 
it up to the upper aqueous phase then measure the interfacial tension, it will stay stable 
at the starting value along with a color change. During the process, the interface and 
the droplet get cloudy again and leaves a trail at the needle. This separate the surface 
tension change from the color change. The process is shown in Figure 29. 
 






Figure 29. Surface tension measurement process for previous saturated system with 
ETPTA as bottom layer and water as upper layer. A drop of ETPTA is sucked up from 
the clear part at the bottom of the cuvette and measure the tension in upper water phase. 
The system had rest for 14days before the measurement. 
Differences between the glass-vial-system and PMMA-cuvette-system shows 
nucleation mostly happens at solid-oil interface but also at oil-water interface. Color 
change of the oil comes from the nucleation of water in the oil phase, when both phases 
first meet together or a turbulence occurs at the interface, molecules diffuse into the 
other phase at a higher speed and exceed the solubility. Then the nucleation takes place 
at a relatively high speed. With water droplets keeps formation, a turbidity will be 





This work mainly focused on the motion of a particle deposited on a solid 
surface as a liquid-liquid interface moves past it. Experimental observations have 
proved the existence of particle behaviors like interfacial pinning predicted by 
simulations in previous work. Also for both kinds of particles we have, interfacial 
pinning has been observed when the flow rate in the glass tubing is relatively low. As 
flow rate increases, particles will have stick-slip motion. For pure ETPTA droplets 
carried by the advancing interface and silica-coated droplets carried by the receding 
interface, a detachment alongside the plate is observed, particles will stay in the fluid 
with higher wettability. Vertical detachment (rolling induced jumping) is observed at 
high flow rate region and happens more frequently with smaller particles and ETPTA 
particles without silica coating.  
Force balance calculation in the essay gives a brief explanation to why different 
types of particle motion is observed when varying the flow rate. Influence for 
different contact angles on the particle motion during the dynamic process is 
mentioned however precise model is not presented in this work. A more exact model 
for adhesion force of a partially immersed particle to a plate is required together with 
the dynamic contact angle. 
Different sized silica coated particles don’t show much difference in behaviors. 
Surface roughness in this system is not a key variation in particle motion driven by 
the liquid-liquid interface. Hydrophilicity and hydrophobicity, however, plays a key 




The second part talks about the surface tension increase of ETPTA droplet in 
water. It is caused from ETPTA’s dissolving in water as is explained in this essay. The 
surface tension is stable for both fresh ETPTA and water-saturated ETPTA in ETPTA-
saturated water. Color changing results from water nucleation in oil. The nucleation 
mainly happens at solid-oil interface but also at oil-water interface, which can be 
controlled and prevented by adding salt to the aqueous phase. It’s a cyclic process and 
will gradually tend to equilibrium. This could be useful in future research of ETPTA’s 
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